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I. INTRODUCTION
Photoelectron emission spectroscopy of water and aqueous solutions has been studied only to a very limited extent and only in the UV range.
Only two investigations on cyanometalate complexes 1 ' 2 and two papers on water 3 ' 4 have been published, to our knowledge, since earlier work was reviewed. 5 Further work was deemed desirable for several reasons:
(I) Extension to the vacuum UV range (up to 10.5 eV) would greatly enhance the scope of such studies.
(ii) The methodology of the vacuum UV photoelectron spectroscopy of liquids was developed 6 ' 7 in recent years, and adaptation to water and aqueous solutions seemed quite feasible.
(iII) Water should be a very useful solvent because of its expected high photoionization energy in liquid phase (cf. 12.6 eV for the first band in the gas phase). (iv) Emission spectra could be correlated with absorption spectra.
II. EXPERIMENTAL
A. Instrumentation
A detailed report Is available 8 on instrumentation, and only essential points will be noted here. The instrument consists of the followin § components:
(I) The filament-type Hinteregger hydrogen lamp already used in earlier work. 6 (t) A vacuum-tight compartment with shutter, interchangeable filters (glass, Suprasil, sapphire, no filter) and a chopper (12 Hz). The monochromator side of this compartment was closed by an easily interchangeable lithium fluoride window which protected other optical components from degradation by the plasma and high energy photons generated in the hydrogen lamp. This compartment was connected to a differential pumping system to 
B. Determination of Emission Spectra
Contamination by a spurious film of insoluble material on the surface of the liquid posed a very seriods problem with water and aqueous solutions.
This problm did not arise with organic solvents in earlier work, 6 , 7 presumably because contaminants were soluble in the liquids being studied and their contribution to photoelectron emission was negligible.
Contaminants in this work undoubtedly were surface-active, high-molecularweight substances, namely, vacuum pump oil, impurities on glass surfaces and in water and chemicals.
Decontamination was achieved by continuously running the instrument for at least three weeks prior to the determination of emission spectra considered reliable. The water sample was renewed several times daily to wash away impurities. Distilled water was adequate in this work. Chemicals were baked at 500 0 C whenever feasible since contamination levels were lowered by this treatment. The glassware and rotating quartz disk were cleaned with 30% sodium hydroxide solution each time a solution was changed in the cell. The apparatus was then thoroughly washed with distilled water.
The emission spectrum of iodide displayed a small, nearly constant background which was ascribed to traces of 13 and/or traces of surface active impurities in crystalline potassium iodide used for preparation of the solutions. Potassium iodide was not baked at 500 0 C as were the other alkaline halides. The species 13 is easily formed by oxidation by air, especially upon irradiation, and, moreover, addition of iodine did increase the background.
Emission spectra were not corrected for attenuation of the photon flux by water vapor in the gap between the lithium fluoride window C ( Fig. 1) and the rotating disk. No correction was made either for absorption by window C. These two corrections were estimated from available absorption coefficients 9 ' 1 0 and found negligible when water or aqueous solutions were near 1.5 0 C and the gap between window C and the rotating disk did not exceed 1 mm.
Emission currents were not corrected for backscattering of electrons emitted into the gas phase. The shape of emission spectra was not affected when the voltage applied between the collector electrode and the emitting liquid was varied from 10 to 250 V. The ratio of collected current to emitted current (not much smaller than unity 1 ) thus was independent of photon energy, and the complication of a backscattering correction was avoided.
C. Quantum Yield Calibration
The ratio of the collected current for photoelectron emission by the liquid to the photomultiplier output (B, Fig. 1 ) was obtained in the computer output as a function of photon energy. This ratio expresses the quantum yield in arbitrary units. The quantum yield scale was calibrated by determining the emission spectrum of 1,2-ethanediol (Sec. V) since the absolute quantum yield for photoelectron emission by this substance is available. 6 Backscattering of electrons in the gas phase is negligible because of the low vapor pressure of 1,2-ethanediol at sufficiently low temperature. 6 Actual quantum yields for water and aqueous solutions would be somewhat higher because backscattering decreases the efficiency of electron collection. 1 Absolute calibration of photon fluxes in the vacuum UV range 6 is difficult, and the error on absolute quantum yields is easily +25% and probably somewhat higher. Y -A(E -Eo) 2 was found to represent the emission spectra of benzene or rare gases in a rare-gas matrix. 
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The functional dependence of Y1/a vs. E did not fit the emission spectrum of Fig. 2 . Urbach's rule is obeyed and the plot of log Y against E is linear (Fig. 2) . Water exhibits strong hydrogen bonding and has a high dipole moment. These two features should result in a broad range of polarization states of water molecules in the liquid phase. The corresponding density of states thus accounts for the applicability of Urbach's rule. One would expect a somewhat different situation for an ionic emitter because the strong polarization of the medium by the charge on the emitter is then dominant versus dipole-dipole interactions and hydrogen bonding. This is indeed the case Dec. V).
B. Photoionization of Liquid Water
The exponential dependence of the yield on photon energy precludes the determination of a threshold energy from the data of The plots of Fig. 4 for bromide ion deviate significantly from linearity. However, the emission spectrum of this ion consists of two overlapping spectra because of the 0.5 eV spin-orbit coupling observed in the gas phase. 30 Linearity for the Y 0 . 5 -plot was restored after deconvolution. The experimental yield curve A (Fig. 5) was fitted with curve B accounting for the dependence of the yield on (E -E 1 ) 2 , where E is the photon energy and E 1 the lower threshold energy. Curve B was then subtracted from the experimental curve A. The resulting curve corresponds to the contribution from photoionization with threshold energy E 2 . The Y 0 ' 5 -plot of this curve (line C in Fig. 5 ) is indeed linear, and the difference between the threshold energies, E 1 = 7.9 eV and E2 8.5 eV, thus obtained is equal to the splitting energy of 0.5 eV. This analysis, however, leads to the conclusion that the cross section for transition to the 2P3/2 state is less than one-fifth of the cross section for the 2P1/2 state, and this seems unreasonable.
The plots of Fig. 4 for chloride ion are not satisfactory, and the emission spectrum is best represented by an exponential dependence on photon energy in the threshold region. We tentatively selected 8.7 eV as the threshold energy of this ion in aqueous solution. Conversely, the plots for hydroxyl ion in Fig. 4 are quite linear, and the corresponding threshold energy for this ion is 8.4 eV.
Threshold energies thus obtained are listed in Table I ,. 
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